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Perfluorinated compounds (PFCs) have been in use for more than 60 years.1 
Perfluorooctanoic acid (PFOA) was a primary PFC product at the 3M facility 
in Cottage Grove, Minnesota, but perfluorooctane sulfonate (PFOS) and other 
PFCs were also produced. The PFCs show high thermal, chemical, and biologi-
cal inertness—properties that make them useful for certain industrial purposes, 
but at the same time also resulted in environmental persistence and potential 
human health risk.2 Little was published in scientific journals on PFC toxicology 
until the 1980s, perhaps because compounds resistant to breakdown were erro-
neously considered inert.3 Gradually, evidence for persistent, bioaccumulative 
effects has emerged, raising warning signs. A chronology of important events 
in understanding PFC health risks is provided in the Figure.

PERVASIVE EXPOSURES TO PFCs

The existence of PFCs in the human body was first suspected in the late 1960s 
when fluoride in blood samples was found to be partially bound to organic 
compounds of unknown structure.4 High concentrations in exposed workers 
were documented in the 1970s,5 and specific PFCs were later identified in serum 
samples from workers at production facilities.6 Laboratory animal studies soon 
confirmed that PFCs are readily absorbed from oral intake and inhalation.7 

A variety of PFCs and polyfluorinated compounds are applied in water-, 
soil-, and stain-resistant coatings for clothing and other textiles; oil-resistant 
coatings for food wrapping materials; and other products. Human exposures 
also include precursor compounds that may be broken down into PFOA and 
PFOS from PFC-containing products or from environmental sources, including 
house dust and groundwater.1 

Analysis of serum samples from the National Health and Nutrition Examina-
tion Survey (NHANES) in 2000 showed that PFOS and PFOA were detectable 
in all Americans.8 Median concentrations in serum were about 30 nanograms 
per milliliter (ng/mL) (PFOS) and 5 ng/mL (PFOA). The average had 
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decreased 8–10 years later to less than half for PFOS 
that had been phased out in the U.S. by 2002, while 
PFOA had changed to a much lesser extent.9 Overall, 
serum concentrations in children tend to be higher 
than in adults.10

Serial analyses of serum samples from former 
3M production workers after retirement suggested 
elimination half-lives for long-chain PFCs to be about 
three years for PFOA and about five years for PFOS.11 
Environmental dissemination and human exposure to 
PFCs are anticipated to continue for the foreseeable 
future due to their persistence in the environment, 
their continued formation from precursor compounds, 
and continued production elsewhere.1

DISCOVERY OF ADVERSE EFFECTS 

The main evidence on adverse effects in humans comes 
from observational studies of occupational cohorts and 
community studies of subjects exposed either at back-
ground levels or through contaminated drinking water. 
Some studies are hampered by imprecise estimates of 
long-term PFC exposures and may for this reason have 
underestimated the effects.12–16 

New evidence is emerging, as a settlement agree-
ment in 2005 established the C8 Health Project, where 
data on approximately 70,000 exposed Ohio and West 
Virginia residents provided information on drinking 

water intake, serum-PFOA concentrations, and a variety 
of possible clinical outcomes.17 Additional evidence 
on associations between PFC exposure and disease 
parameters in the general population comes from the 
NHANES database. 

Most published toxicity reports are based on the rat, 
which eliminates PFCs much more rapidly than humans 
and, therefore, is not an ideal species.18 Chronic toxicity 
studies in other species are lacking, and a formal can-
cer bioassay has not yet been completed. In addition, 
insufficient attention had been paid so far to exposures 
during sensitive developmental stages. 

In regard to cancer, evidence from animal studies 
dates to the late 1970s, specifically pancreatic tumors 
and hepatocellular carcinomas in animals as a result 
of peroxisome proliferation.19 For Leydig cell tumors, 
the first evidence describing the tumor mechanisms 
was published in 1992.20 The U.S. Environmental Pro-
tection Agency (EPA) draft risk assessment of PFOA 
concluded in 2005 that the evidence was suggestive of a 
cancer risk in humans, but peer review recommended 
that PFOA be considered “carcinogenic to humans.”21 
This conclusion is supported by the recent C8 Health 
Project results,15 which found a significant positive 
exposure-response relationship between PFOA and 
kidney cancer. A population-based case-control analy-
sis supports the association between PFOA exposure 
and both kidney and testicular cancer and suggests 

Figure. Time course of important developments regarding PFC exposure and health risks

Year Event

1947 PFC production starts at 3M plant in Cottage Grove, Minnesota.
1956 PFC waste is deposited off-site from 3M plant.
1962 Internal DuPont document raises concern about health risks.
1970s PFC vapor pressures and water solubilities are published in chemical handbooks. 
1978 Monkey study reveals immunotoxicity and other adverse effects due to PFOA.
1980 Organic fluoride determined in serum from production workers.
1981 Concern is raised about birth defects in children of female production workers.
1987 PFOA carcinogenicity is reported in rat study. 
1993 3M begins to monitor PFOA in serum from production workers.

Mortality study shows excess occurrence of prostate cancer.
1998 Serum from U.S. blood donors is shown to contain PFCs.
2000 Persistence and global environmental dissemination of PFCs is documented.

3M announces plan to phase out commercial production of PFOS. 
2002 PFOS phase-out at 3M is said to have been completed.
2008 Health risk limits for PFCs in drinking water are issued.

Mouse study shows immunotoxicity at serum PFC concentrations similar to human exposures.
2010 Decrease of PFOA emissions by 95% is said to be completed.
2011 PFOA induces delayed mammary gland development in mice at low exposures.
2012 PFC immunotoxicity is reported in children.

PFC 5 perfluorinated compound

PFOA 5 perfluorooctanoic acid

PFOS 5 perfluorooctane sulfonate
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an association with prostate and ovarian cancer and 
non-Hodgkin lymphoma.16 For PFOS, the evidence of 
carcinogenicity is less extensive and less conclusive. 

Immunotoxicity was already considered a main 
effect of PFOA in an unpublished rhesus monkey 
study sponsored by 3M in 1978.22 Routine parameters 
in later studies failed to show any significant effects.23 
However, immunotoxicity effects of PFOA and PFOS 
have recently been demonstrated in vitro and in a 
variety of species and models.24 When childhood vac-
cination responses were used as a clinically relevant 
outcome, PFC concentrations in maternal pregnancy 
serum showed a strong negative correlation with vac-
cine antibody concentrations in children at 5 years of 
age.25 While maternal PFOS and PFOA concentrations 
were not associated with hospitalization rates for infec-
tious disease in their children,26 another study showed 
increased rates of common infections.27 The combined 
human and experimental evidence therefore strongly 
supports adverse effects on certain immune functions 
at current exposure levels.

DISCUSSION 

This review of the PFCs emphasizes that early toxicity 
information was not published or went unheeded at 
first. Their toxic properties were first examined in the 
1970s, although not in a systematic way. Thus, despite 
the fact that PFCs have been in use for more than 60 
years, risks to public health attracted increased atten-
tion only after the environmental dissemination of 
the PFCs became known. Because PFC persistence in 
the environment was apparent by the 1990s, regula-
tory control of these compounds should have been a 
higher priority by 2000, if not before. Only recently, 
published research has reported carcinogenicity and 
immunotoxicity as health risks that may be relevant at 
exposure levels prevalent in the U.S. and elsewhere. 
Even today, chronic toxicity studies are incomplete, and 
a carcinogenicity assay has not yet been carried out. 

Existing exposure limits appear insufficiently 
protective, as they are based on evidence available 
before 2008. Thus, the EPA issued in 2009 provisional 
health advisories of 0.4 micrograms per liter (µg/L) 
(400  ng/L) drinking water for PFOA and 0.2 µg/L 
(200 ng/L) for PFOS. These limits were based on liver 
toxicity and other adverse effects in animal studies, and 
the EPA concluded that “[e]pidemiological studies of 
exposure to PFOA and adverse health outcomes in 
humans are inconclusive at present.”2 The same toxi-
cology data were used for the derivation of drinking 
water limits authorized by U.S. states and European 

Union (EU) countries as well as the EU Tolerable Daily 
Intakes for PFOA and PFOS. 

The aforementioned recent data allow the calcula-
tion of updated exposure limits. Thus, serum PFOA 
concentrations from an experimental study of endo-
crine disruption after developmental exposure have 
been used to calculate benchmark dose levels.18,28 
Serum concentrations from the recent human immu-
notoxicity study25 showed similar benchmark results.29 
While taking into account an interspecies uncertainty 
factor of 10 routinely used in standards setting, these 
benchmark dose results are about 1,000-fold lower 
than the Benchmark Dose Lower Limits used by the 
EPA. Current exposure limits therefore do not protect 
against adverse effects. A draft risk assessment of PFOA 
was released by the EPA in 2006, but a final version 
has yet to appear and would likely require substantial 
revision. 

PUBLIC HEALTH IMPLICATIONS

Although the Toxic Substances Control Act (TSCA) 
has been in force since the late 1970s, the law did not 
require testing of substances already in commerce at 
the time; therefore, toxicology studies of the PFCs were 
not mandated. It is even possible that the TSCA may 
have discouraged chemicals producers from testing 
substances that had already received blanket approval.30 

PFOA and PFOS provide an example of what a 
National Research Council committee called the 
“untested-chemical assumption” (i.e., the lack of docu-
mentation means that they do not require regulatory 
action).31 Thus, risk assessment has relied on existing 
animal models and outcome variables, while other 
outcomes and vulnerable subgroups were ignored. 
This tradition has resulted in exposure limits that may 
be 1,000-fold too high to adequately protect against 
adverse health effects. 

Ideally, conclusions on risks to human health should 
consider what could realistically be known, given the 
research studies completed so far, and what can appro-
priately be ignored. The absence of documentation 
from published epidemiologic studies does not exclude 
the possibility of adverse effects.32 Thus, in agreement 
with the National Research Council conclusions,31 the 
recent and much delayed insights into PFC exposure 
and health risks would support the call for a revision 
of the U.S. risk assessment and chemicals policy.

This work was funded, in part, by the National Institute of 
Environmental Health Sciences, National Institutes of Health 
(ES012199), and the Danish Council for Strategic Research 
(09-063094).
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human health risks from exposure to perfluorinated compounds 
for the Minnesota Department of Health. Richard Clapp provided 
paid expert testimony in 2004 on the epidemiology of perfluo-
rinated compounds for law firms Taft, Stettinius & Hollister in 
Ohio and Hill, Peterson, Carper, Bee & Dietzler in West Virginia, 
in civil suits.
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